[1] One predicted positive feedback of increasing temperatures in the boreal region is carbon (C) loss through enhanced microbial decomposition of soil organic matter (SOM). The degree to which temperature sensitivity for decomposition varies across a range of C-substrates remains uncertain. Using incubations, we tested whether microorganisms shift to more recalcitrant substrates (with longer turnover times) at higher temperatures at low or increased soil moisture. We measured the radiocarbon (D 14 C) and stable isotope (d 13 C) signature of CO 2 respired from organic soils from six black spruce forests (0 to 150 years since fire). We identified major C substrates contributing to decomposition by comparing D
Introduction
[2] The degree to which increased temperatures will cause a positive feedback to warming through enhanced microbial decomposition of SOM remains a large source of uncertainty in predicting future atmospheric CO 2 levels [Prentice et al., 2001] . In particular, considerable debate remains as to whether the sensitivity of decomposition rates is similar for a range of different C substrates [Davidson and Trumbore, 1995; Davidson et al., 2000; Fang et al., 2005; Fierer et al., 2005; Giardina and Ryan, 2000; Knorr et al., 2005] .
[3] Underlying this debate is the idea that the main control of the longer term stability of a C substrate in soils is its chemical nature [Krull et al., 2006] . Substrates considered most resistant to microbial decomposition are polymers containing aromatic rings (e.g., lignin) and a range of polymethylenic molecules (e.g., waxes), while less resistant substrates contain hydrolytic bondings [von Lützow et al., 2006] . However, this concept is not generally accepted: In addition to chemical recalcitrance, interactions with the mineral soil phase (ligand-exchange [Davis, 1982] with Fe-, Al-, Mn-oxides, phyllosilicates and metal ions) and accessibility to microorganisms and their enzymes (physical exclusion via occlusion, intercalation, hydrophobicity and encapsulation or distance) are important controls on SOM stability [von Lützow et al., 2006] .
[4] Understanding what types of C substrates can be decomposed at a given temperature is crucial for developing better estimates of total C loss from soils. Roughly 17% of total terrestrial C stocks reside in boreal forest soils [Prentice et al., 2001] , in regions that have experienced significant warming in the past century [Pollack et al., 1998; Serreze et al., 2000] . The accumulation of these C stocks since glacial retreat [Harden et al., 1992] is believed to result from a combination of poor substrate quality, cold temperature and poor drainage [Hobbie et al., 2000; Preston et al., 2006] . Most of this C is present in organic layers and not stabilized by interactions with soil minerals.
[5] One way of testing whether microorganisms shift to different C substrates with altered temperature and moisture conditions is to subject soils to manipulated conditions in a controlled incubation. To determine the degree to which C of different ages contribute to microbial respiration, and whether that mix changes with temperature, studies have either taken advantage of a past vegetation change (e.g., shift from plants with C3 photosynthetic pathway (d 13 C $ À27%) to plants with C4 pathway ($À8%)) that allows the use of the d 13 C signature of respired CO 2 to distinguish fresh (enriched in 13 C) versus decades-old (depleted) SOM [Biasi et al., 2005; Bol et al., 2003; Waldrop and Firestone, 2004] or used the radiocarbon signature (D 14 C) of CO 2 [Bol et al., 2003; Cisneros-Dozal et al., 2006; Dioumaeva et al., 2002] . Radiocarbon can be used as a tracer for the last 50 years, because D 14 C of atmospheric CO 2 spiked during the 1960s due to above-ground testing of thermonuclear weapons and is subsequently declining as this 'bomb' 14 CO 2 exchanges with C reservoirs in the oceans and biosphere, and becomes diluted by fossil (>50,000 yrs) CO 2 from combustion processes [Levin and Hesshaimer, 2000] . Some studies used a local ecosystem 14 C label (probably due to combustion of 14 C-labeled waste) as an additional tracer .
[6] In general, 13 C-based measures have interpreted a shift in the d 13 C signature of respired CO 2 observed for different temperature incubations as evidence of different temperature sensitivities for old (more recalcitrant) versus young SOM [Biasi et al., 2005; Bol et al., 2003; Waldrop and Firestone, 2004] . Studies monitoring D 14 C of respired CO 2 have shown no temperature sensitivity [CisnerosDozal et al., 2006 [CisnerosDozal et al., , 2007 Dioumaeva et al., 2002] .
[7] We report the range of D 14 C signatures of CO 2 respired in incubations of organic layers for black spruce (Picea mariana (P. Mill.) B.S.P.) stands ranging in age from 0 (recent fire) to 150 years since fire. In addition, we compare the isotopic signatures of respired CO 2 to that of bulk C and manually isolated fractions: roots, mosses, needles, and wood.
Material and Methods

Soil Sampling
[8] We sampled six upland sites in various stages of secondary succession after fire in black spruce dominated forests within the BOREAS Northern Study Area near Thompson, MB, Canada (Table 1 ). The sites are described in more detail in Czimczik et al. [2006] .
[9] Organic layers were collected in triplicate at two locations per site in September 2003. Samples were taken by inserting a circular metal frame (i.d. 17.5 cm) from the soil surface into the mineral soil. Living moss was cut from the cores, the remaining material stored at 7°C. The cores were divided into slightly (Oe) and more decomposed organic material (Oa) ( Table 1 ). In the most recent burns (0-14 years since fire) samples identified as Oa layers are dominated by preburn SOM which survived the last fire and a minor component of postfire litter.
CO 2 Efflux
[10] We incubated all samples at two or three different temperatures in the dark (Table 1) . Home-built controllers on commercial refrigerators (as described in [Dioumaeva et al., 2002] ) maintained temperatures within the incubation jars at 7, 14 or 23°C (±0.6°C as monitored by HOBO temperature sensors (BoxCar Pro 4.3)). The incubation temperatures were selected to represent depth-dependent temperature conditions in the organic layers during the growing season (Figure 1 ). Soil temperatures in the field were measured with precision interchangeable thermistors (EC95H303W Thermometrics, Edison, NJ, USA) encapsulated in thermally conductive epoxy and recorded every 2 hours (CR-10X, Campbell Scientific Inc., Logan, UT, USA).
[11] All samples were incubated with field moisture content so that isotopic signatures would represent conditions close to those in the field. To asses the effects of increasing soil moisture on the rate and isotopic composition of respired CO 2 , we incubated samples from two locations (2003 and 1930 burn) at field capacity as well (Table 1) . Field capacity was attained by wetting with deionized water until the soil drained freely. From the 1998 burn, which has a strong micro-topography, we incubated samples from a hummock and a hollow.
[12] Directly prior to incubations, all samples from a given site were combined and homogenized, coarse roots (d. >1 cm) and larger pieces of wood were removed. Out of the combined sample for each site, we incubated about 20 g soil in triplicate. Samples were loosely wrapped in aluminum foil which we punctured to facilitate air flow before inserting them into 1 L jars. The jars were initially stored open at 7°C for 24 hours. Then, the jars were flushed with at least three jar volumes of moist CO 2 -free air, closed and incubated at 7°C. After the rate of CO 2 -efflux at 7°C became constant (5 to 9 days), the jars were moved to the specific incubation temperatures for 7 to 12 days.
[13] The CO 2 concentration in the jars was determined every 1 to 3 days with a LI-6262 CO 2 /H 2 O Analyzer (LI-COR, Lincoln, NB, USA) as described in Davidson and Trumbore [1995] . Five mL of air were sampled from each jar and 1 to 3 mL were injected into a stream of CO 2 -free air at a flow rate of about 1 L min
À1
. Air removed in sampling the jar was replaced with CO 2 -free air to maintain jars at atmospheric pressure. Each time the CO 2 concentration in a jar reached 3%, the jar was flushed with moist CO 2 -free air.
[14] The volume of air in the jar was determined by change in pressure when attached to a known volume under vacuum. We report CO 2 evolution rate per gram of dry soil in the jar; soil moisture was determined from an aliquot of the homogenized sample used for incubations.
Isotopic Composition of CO 2
[15] The isotopic composition of CO 2 was determined at the end of the incubation period. We transferred air from the headspace of the incubation jars into evacuated 0.5 L stainless steel containers, and purified CO 2 from the transferred air cryogenically. Roughly 1 mg C was sealed into an evacuated Pyrex tube and reduced to graphite [Xu et al., 2007] . The radiocarbon signature of the graphite was measured with accelerator mass spectrometry (NEC 0.5MV 1.5SDH-2 AMS system) at the Keck-CCAMS facility of UCI [Southon and Santos, 2004] and reported as D 14 C, the deviation (in parts per thousand) of the 14 C/ 12 C ratio of the sample (corrected for mass-dependent fractionation to a common d 13 C of À25%) from 0.95 times the 14 C/ 12 C of the oxalic acid I standard.
[16] A fraction of the CO 2 from each sample was transferred to a He-filled septum-capped vial, and analyzed for its d 13 C value with an isotope ratio mass spectrometer (continuous flow, Thermo Finnigan Delta Plus, Waltham, MA, USA).
Composition of SOM
[17] Following the incubation period, the three replicates of each sample were combined and dried at 60°C. A subsample was sorted into five categories: needles, roots, wood, moss, and amorphous SOM (material too small to be easily identified as one of the four other categories). The components were analyzed for their d 13 C and D 14 C signatures as described above, after combustion to CO 2 in evacuated, prebaked, 6 mm quartz tubes with 0.5 mg CuO powder for 2 hours at 900°C.
CO 2 Efflux Response to Temperature and Moisture (Q 10 )
[18] We averaged the rate of CO 2 efflux from replicates. We omitted measurements during the first 48 hours of the experiment (to avoid sampling the response to soil homogenization) and measurements 24 hours following flushing with CO 2 -free air thereafter, because of higher CO 2 efflux rates at those times indicating incomplete flushing.
[19] For samples incubated at 7°C (same temperature during adjustment and incubation period), the rate of CO 2 efflux remained constant (student's t-test, p < 0.05), and we report the rates averaged over the entire duration of the experiment.
[20] Based on the averages, we calculated the rate of CO 2 efflux (R) with increasing temperature (t) assuming an exponential relationship (1), and derived temperature response (Q 10 , (2)) curves [Fang and Moncrieff, 2001] (Table 2) :
3. Results
Rates and Isotopic Signature of CO 2 Efflux
[21] The rate of CO 2 efflux from each sample increased with temperature (Figure 2a) . Assuming an exponential increase, we estimated Q 10 values between 1.5 and 4.1 (Table 2) . Expressed as mg C evolved per unit mass, the flux rates from Oe layers tended to be higher than those from Oa layers, but Q 10 values were not significantly different between layers. CO 2 effluxes were lowest at the early recovery stages (1998 and 1989 burn) and highest at the 1964 and 1930 burn.
[22] The CO 2 response to increasing temperature was larger at higher moisture contents (Figure 2b ). Fluxes from samples wetted to field capacity were significantly higher (student's t-test, p < 0.05) than fluxes from field-moist samples at high temperatures, but not at lower temperatures.
[23] D 14 C of respired CO 2 showed large differences (up to 300%) between sites (Figure 3a) . However, D 14 C of CO 2 respired from a given site or layer did not change significantly (student's t-test, p < 0.05) with increasing temperature or moisture (Figures 3a and 3c) . The d 13 C signatures of respired CO 2 varied between À25 and À27 %, and decreased with increasing temperature under both, field and increased soil moisture (Figures 3b and 3d ).
Elemental and Isotopic Composition of SOM
[24] The composition of the SOM samples was dominated by amorphous material which accounted for 61 ± 5% of bulk dry weight in the Oe and 87 ± 6% in the Oa layer (Figure 4 ). The C contents of the isolated fractions were similar, ranging from a high of 52.5 ± 4% C in needles, 46.2 ± 7% in wood, 48.4 ± 3% in roots, 41.9 ± 7% in moss, to a low of 34.8 ± 13% in the amorphous fraction. In the Oe layer, the amount of C in the amorphous fraction increased with time since fire from 0.2 kg C m À2 at the 1964 burn to 0.9 kg C m À2 at the 1850 burn. Similarly, C in the moss fraction increased from 0.1 to 0.6 kg C m
À2
. The root fraction contained <0.1 kg C m À2 at all sites. In the Oa layer, the amorphous fraction accounted for 0.6 to 2.7 kg C m [26] As expected, we found that CO 2 efflux rates were stimulated by higher temperatures [Davidson and Janssens, 2006] and moisture contents [Skopp et al., 1990] . Our estimated Q 10 factors are within expected ranges, although their calculations are in most cases based on two data points and are therefore highly sensitive to the chosen model function. Also, Q 10 values are difficult to transfer to field situations, since correlations between CO 2 efflux from soils and temperature are often confounded by changes in plant activity [Curiel Yuste et al., 2004] .
[27] In agreement with other observations [Biasi et al., 2005; Weintraub and Schimel, 2005] , increases in CO 2 efflux rates with higher temperature were associated with a decline of d 13 C of CO 2 . However, this d 13 C shift was not associated with a significant change in D 14 C of CO 2 , implying that microorganisms do not adjust the balance of C substrates when soil temperature changes and different C substrates do not have very different sensitivities to temperature. Similar conclusions have been drawn from incubations of frozen and unfrozen boreal peats [Dioumaeva et al., 2002] and organic layers of temperate forest soils [Cisneros-Dozal et al., 2007] , and could also be drawn from incubations of the organic layer-mineral soil interface of a temperate coniferous forest soil [Bol et al., 2003] .
[28] Our results indicate that decomposition is not merely regulated by the temperature sensitivity of microorganisms and their enzymes. Instead, decomposition requires the accessibility of organic compounds by specific enzymes which might not be present, because the distribution of active microorganisms within soils is clustered, while organic C is more evenly dispersed. However, we cannot fully exclude that there was no small increase in the proportion of respired CO 2 originating from the decomposition of more recalcitrant C compounds at higher temperature: (1) Most of the CO 2 respired in incubation experiments results from decomposition of fast cycling C pools, and measurements (with and without isotope analysis) are generally not very sensitive in detecting small increases in the decomposition of slow-cycling C pools which only account for a small fraction of the total efflux [Kirschbaum, 1995] ; and (2) The D 14 C signatures of the different materials making up the bulk C may not be different enough to detect a significant shift (e.g., from roots to moss, see Figure 5a ).
[29] It seems likely that the decline in d 13 C reflects isotopic fractionation during SOM decomposition rather than a shift to more recalcitrant material. More complex SOM, predominantly derived from plants, is often depleted, because its formation involves many enzymatic reactions which discriminate against the heavier 13 C isotope. This material, however, should also have longer turnover times in soils and therefore older D [30] Also, the combination of declining d
13
C and stable D 14 C signatures was probably not related to enhanced recycling of C within the existing microbial biomass pool. Recycling is typically associated with declining CO 2 efflux rates, but in this experiment CO 2 efflux rates strongly increased at higher temperatures and did not decline over time.
Microbial C Sources Along the Chronosequence
[31] The rate of CO 2 efflux per gram of soil was lowest in stands sampled 5 -14 years after a fire where SOM was dominated by material that survived the fire: burned remnants of the prefire Oa layer and litter from burned biomass. Even accounting for the higher soil temperatures in the younger stands, heterotrophic respiration rates at these sites are relatively low. This confirms estimates that much of the soil respiration in younger stands is derived from autotrophic sources [Czimczik et al., 2006] . CO 2 efflux was highest in older stands where SOM from new moss and roots, associated with closed canopy, mature forest had accumulated since the last fire.
[32] By incubating organic layers from a range of sites with different fire history (and thus vegetation composition), we covered a wide range of C substrates. Following fire, forest stands undergo a vegetation succession, from a dominance of deciduous tree species (Salix sp., Populus tremuloides Michx., Betula papyrifera Marsh.) for about 40 years to black spruce in mature stands. Understory vegetation shifts from herbs and ericaceous shrubs to mosses between 40 to 70 years since fire. Generally, moss litter decomposes more slowly than litter of higher plants [Hobbie et al., 2000] , foliar litter decomposes faster than woody debris [Moore et al., 2005] , and burned SOM decomposes more slowly than unburned SOM [Baldock and Smernik, 2002] .
[33] We can draw some conclusions about the contribution of these different fractions to microbial respiration by comparing D 14 C of respired CO 2 and isolated SOM fractions to the history of D 14 C of atmospheric CO 2 : At young burns (5 to 40 years since fire) D 14 C of respired CO 2 ! 200% require that the majority of the C being respired was fixed between 1960s and 1985 and is at least 18 years old on average. Potential C substrates at the 1998 and 1989 burn are thus fire remnants. As an examples, needles falling from burned trees were clearly an input of a >200%-C source at the 2003 burn (Figure 5a ). At the 1964 burn, another potential C source is litter of early succession species. The absence of herbaceous litter fragments in the isolated fractions indicates that the litter of early succession species decomposes rapidly (within years).
[34] At the youngest recovery stages (1998 and 1989 burn), we could not physically isolate the high D 14 C component that was the main C source respired by microorganisms (D 14 CO 2 > D
14
C of any isolated fraction). This indicates that microorganisms were using a small labile component of SOM fixed between 1960 and 1975, and therefore also derived from burned residues of material fixed before the fire.
[35] At the 1998 burn, the existence of saprophytic fungi which also showed high [Hobbie et al., 2001; Kohzu et al., 1999] .
[36] At sites with D 14 C < 200%, the 'age' of respired C is harder to interpret and either indicates that the material was on average younger than 20 years old or represents a mixture of prebomb and postbomb C [Trumbore and Harden, 1997] . We can draw some conclusions about the turnover time of SOM fractions from a comparison of the D . We can assign longer than decadal turnover times for mosses in both layers and roots in the Oe layer. The amount of C present in the moss and root fractions does not decrease from the 1930 to 1850 burn, and there is no change in D 14 C of these fractions. From these estimated turnover times, it seems likely that the overall decrease in D 14 C signatures of respired CO 2 with increasing stand age reflects the increasing importance of prebomb (<1960) C.
Conclusions
[37] Radiocarbon analyses of SOM, respired CO 2 , and sporocarps of saprotrophic fungi suggest that microorganisms in boreal soils access a variety of C substrates. At both low and increased soil moisture conditions, increases in soil temperature resulted in large increases of CO 2 efflux from soils accompanied with a decline in d 13 C signatures, but no change in D 14 C. We conclude that increased temperature does not result in significant increase in the use of more recalcitrant C substrates by microorganisms and that 
